Background: 22q11.2 deletion syndrome (22q11DS) is a genetic disorder that greatly increases risk of developing schizophrenia. We previously characterized cerebral surface morphology trajectories from late childhood to mid adolescence in a cohort of youth with 22q11DS. Herein, we extend the study period into early adulthood, and describe further the trajectories associated with severe psychiatric symptoms in this cohort. Methods: Participants included 76 youth with 22q11DS and 30 unaffected siblings, assessed at three timepoints, during which high resolution, anatomic magnetic resonance images were acquired. High-dimensional, nonlinear warping algorithms were applied to images in order to derive characteristics of cerebral surface morphology for each participant at each timepoint. Repeatedmeasures, linear regressions using a mixed model were conducted, while covarying for age and sex. Results: Alterations in cerebral surface morphology during late adolescence/early adulthood in individuals with 22q11DS were observed in the lateral frontal, orbitofrontal, temporal, parietal, occipital, and cerebellar regions. An Age x Diagnosis interaction revealed that relative to unaffected siblings, individuals with 22q11DS showed age-related surface protrusions in the prefrontal cortex (which remained stable or increased during early adulthood), and surface indentations in posterior regions (which seemed to level off during late adolescence). Symptoms of psychosis were associated with a trajectory of surface indentations in the orbitofrontal and parietal regions. Conclusions: These results advance our understanding of cerebral maturation in individuals with 22q11DS, and provide clinically relevant information about the psychiatric phenotype associated with the longitudinal trajectory of cortical surface morphology in youth with this genetic syndrome.
Introduction
The 22q11.2 deletion syndrome (22q11DS), also called velo-cardio-facial syndrome (VCFS), is a genetic disorder caused by the deletion of more than 40 genes at the q11.2 locus on one copy of chromosome 22. Its population prevalence is most recently estimated to be 1 in 1,000 (Grati et al., 2015) . Individuals with 22q11DS have a distinctive set of cognitive deficits (Antshel, Fremont, & Kates, 2008; Baker & Vorstman, 2012) , neuroanatomical abnormalities (Tan, Arnone, McIntosh, & Ebmeier, 2009) , and an increased risk of psychiatric disorders, including ADHD (Antshel et al., 2006; Feinstein, Eliez, Blasey, & Reiss, 2002) , mood and anxiety disorders (Green et al., 2009) , and psychosis (Bassett & Chow, 1999; Murphy, 2002; Schneider et al., 2014) . Approximately 42% of adults with 22q11DS have a psychotic disorder by age 35 years (Schneider et al., 2014) , with schizophrenia affecting approximately 25% (Murphy, Jones, & Owen, 1999) . In contrast, the lifetime prevalence of schizophrenia in the general population is between 0.30 and 0.66% (Saha, Chant, Welham, & McGrath, 2005) . This deletion therefore constitutes a major genetic risk factor for schizophrenia (Murphy, 2002) . The 22q11DS-associated schizophrenia is genetically more etiologically homogeneous than schizophrenia in the general population. Longitudinal studies of individuals with 22q11DS offer the opportunity to describe neurodevelopmental trajectories prior to the onset of psychosis (Bassett & Chow, 2008; Bassett et al., 2003) .
Multiple neuroanatomical abnormalities have been associated with 22q11DS, including reduced brain volumes, white matter microstructural abnormalities, altered gyrification patterns, surface area and thickness of the cortex (Barnea-Goraly et al., 2003; Bearden et al., 2007; Gothelf, Penniman, Gu, Eliez, & Reiss, 2007; Jalbrzikowski et al., 2013; Kunwar et al., 2012; Radoeva et al., 2012; Schaer et al., 2009; Tan et al., 2009) . A rostro-caudal gradient has been observed in volumetric reductions, with a relative preservation of frontal volumes, and most pronounced volumetric reductions in the occipital and cerebellar regions (Bish, Nguyen, Ding, Ferrante, & Simon, 2004; Gothelf, Schaer, & Eliez, 2008; Tan et al., 2009) . This gradient appears to be most prominent in children and may be attenuated in adulthood, when more diffuse gray and white matter loss is observed (Gothelf et al., 2008; Tan et al., 2009) . Previous studies from our group and others have found that (prodromal) psychosis in 22q11DS is associated with volumetric alterations in frontal (Gothelf et al., 2005 (Gothelf et al., , 2011 and temporal lobe gray matter volumes (Chow et al., 2011; , as well as cortical thickness (Jalbrzikowski et al., 2013; Schaer et al., 2009) .
The longitudinal study of cerebral surface morphology is of particular interest because changes in cerebral surface morphology may indicate disruptions in programmed synaptic elimination during adolescence in individuals with 22q11DS. During the first phase of the longitudinal study we describe here, we reported that relative to controls, individuals with 22q11DS exhibited widespread alterations in cerebral surface morphology in late childhood (Time 1) and early to mid adolescence (Time 2) (Kates, Bansal, et al., 2011) . Specifically, we observed surface indentations, defined as inward deformations, on the surface of the brain relative to the template brain, which we interpret as smaller local volumes (Colibazzi et al., 2013; Marsh et al., 2013; Spann et al., 2015) , throughout the perisylvian and cerebellar regions of the cortical surface; and surface protrusions, defined as outward deformations, on the surface of the brain relative to the template, which we interpret as larger local volumes, in bilateral superior/middle frontal gyri and inferior temporal gyri. Moreover, surface indentations at Time 2 in the frontal, temporal, and cerebellar regions, as well as surface protrusions in the supramarginal gyrus, were associated with prodromal symptoms at Time 2 (Kates, Bansal, et al., 2011) .
This study complements and extends our previous report by characterizing neurodevelopmental trajectories into late adolescence and early adulthood, that is, Time 3, approximately 3 years beyond the previous report. At Time 3, individuals with 22q11DS were entering the window of increased risk for developing psychosis. Accordingly, reassessing the cohort at this timepoint allowed us to examine alterations in cortical morphology during late adolescence in individuals with 22q11DS relative to controls, and, to determine more definitively the effects of longitudinal trajectories of cortical morphology on the development of symptoms of psychosis. We predicted that 1) individuals with 22q11DS would have altered trajectories of surface indentations and protrusions relative to unaffected siblings, and 2) in individuals with 22q11DS, symptoms of psychosis would be associated with faster or more pronounced surface indentations in the frontal and temporal brain regions.
Methods

Participants
Participants included in this study were drawn from a larger longitudinal study of 22q11DS (Antshel et al., 2006 (Antshel et al., , 2010 (Antshel et al., , 2013 Kates, Bansal, et al., 2011) . The individuals with 22q11DS and their families were recruited primarily from the VCFS International Center at SUNY Upstate Medical University. The 22q11.2 deletion was confirmed by fluorescence in situ hybridization (FISH). The healthy controls were unaffected siblings of individuals with 22q11DS. Demographic information, exclusion criteria, and sample size at each timepoint are described in Table S1 and Appendix S1. Medication and psychiatric diagnoses of participants are described in Table S2 .
This study was approved by the Institutional Review Board of SUNY Upstate Medical University, and all participants and their parents (when appropriate) provided signed, informed consent.
Assessment of cognitive and psychiatric functioning
All participants underwent a battery of neuropsychiatric assessments. At Time 1, the Wechsler Intelligence Scale for Children-Third Edition (WISC-III) (Wechsler, 1991) was administered to all participants. At Times 2 and 3, either WISC-III or the Wechsler Adult Intelligence Scale (WAIS-III) (Wechsler, 1997) was administered based on the age of the participant, such that participants 17 years of age or older completed the WAIS-III.
The Structured Interview for Prodromal Syndromes (SIPS; Miller et al., 2002 Miller et al., , 2003 was administered by doctoral-level clinicians. Embedded within the SIPS is a rating scale (the Scale of Prodromal Symptoms [SOPS]), which consists of items reflecting positive, negative, disorganized, or general symptoms. The SOPS Positive Symptom Subscale (SOPS-PS), consisting of five items, each scored on a scale of 0 to 6, was used for further analysis. Inter-rater reliability for the SOPS-PS, calculated with the kappa coefficient, was consistently above .90 across all timepoints. Although our cortical morphology data are based on the first three timepoints of the study, the majority of participants returned for a fourth timepoint, during which the SIPS was readministered. Since we were interested in the extent to which cortical trajectories predicted symptoms of psychosis, and since at the fourth timepoint our participants were between the ages of 18 and 25 years, which is the greatest window of risk for developing psychosis, our analyses are based on their most recent SOPS-PS score, including Time 4 SOPS-PS scores when available. Accordingly, for individuals with 22q11DS, analyses included Time 4 SOPS-PS scores for 55 individuals with 22q11DS, and Time 3 SOPS-PS scores for 17 individuals, and Time 2 SOPS-PS scores for 4 individuals.
Neuroimaging data acquisition and processing
Image acquisition and preprocessing procedures are described in Appendix S2. The image analysis method utilized previously validated and automated algorithms (Bansal, Staib, Whiteman, Wang, & Peterson, 2005; Peterson et al., 2007; Plessen et al., 2006) , and had been employed in our earlier 22q11DS cerebral surface morphology paper (Kates, Bansal, et al., 2011) . Briefly, a Time 2 brain was selected as the template using a rigorous two-step procedure (Plessen et al., 2006) , and the brains of all participants at Time 2 were coregistered and nonlinearly warped to the template brain, using a similarity transformation and then a high-dimensional, nonrigid warping algorithm based on the principles of fluid dynamics (Christensen, Rabbitt, & Miller, 1994) , such that all brains were warped to be identical in size and shape to the template brain. This normalization procedure allowed for the identification of the corresponding points on the surface of each participant's brain and the template. Next, we normalized a participant's Time 1 and Time 3 brains to the Time 2 brain. The normalization of the Time 2 brain to the template brain identified corresponding points across the surfaces of the Time 1, Time 2, and Time 3 brains and the template brain. Euclidean distances were then calculated between each point (on the subject brains at Time 1, Time 2, and Time 3) and the corresponding point on the template brain. The signed Euclidean distances were used for further analyses, where positive distances indicated protrusions, and negative distances indicated indentations, relative to the corresponding point on the template brain.
To assess the changes in morphology of the cerebral surface over time, we conducted repeated-measures linear regressions at each voxel on the cerebral surface, in which the signed Euclidean distances at Times 1, 2, and/or 3 were the dependent variable. We analyzed the repeated measures at the three time points for each participant using a mixed model
where the vector y are the brain measures with mean E(y) = Xb, the vector b are the fixed effects, the vector u are the random effects with zero mean and covariance matrix var(u) = G, and the vector e are the errors of zero mean and specified covariance matrix var(e) = R. Assuming that both errors and the random effects are Gaussian distributed, the best linear unbiased estimate (BLUE)b and the best linear unbiased predictorû for the vectors b and u are estimated by solving the mixed model equations (Henderson, 1973) :
This analytic method utilizes all available data for the participants in each group, and estimated the parameters and their variances using a method for restricted maximum likelihood (REML (Bartlett, 1937) ), a method that is used within the procedure mixed of the statistical package SAS and computes unbiased estimates of the variance and covariance parameters. In the first repeated-measures analysis, we included as independent variables the main effects of Age (in years at Time 1, 2 and/or 3) and Diagnosis (22q11DS vs. siblings), and the effects of Age x Diagnosis interaction on brain measures. The interaction term Age x Diagnosis was used to assess whether the age effects differed in individuals with 22q11DS from those for their unaffected siblings. To study morphological correlates of psychiatric functioning, we conducted repeated-measures linear regressions with the independent variables Age, most recent SOPS-PS score, and Age x SOPS-PS. For visualization purposes and creating comparison graphs, the SOPS-PS scores of the 22q11DS group were dichotomized into high and low SOPS-PS categories. The high SOPS-PS category includes individuals with 22q11DS who received a score of 3 or higher on any of the five items on their most recent SOPS-PS (Miller et al., 2003) .
For all surface analyses, we corrected for multiple hypothesis testing by applying a method for false discovery rate (FDR), with FDR rate = 0.05 (Benjamini & Hochberg, 1995) , to vertices across the entire surface of the brain. FDR was applied to the independent variable of interest in each longitudinal model. Figure 1 shows the differences in the morphology of the cerebral surface between individuals with 22q11DS and unaffected siblings at Time 3. Time 1 and Time 2 data have been presented previously (Kates, Bansal, et al., 2011) , and are not included in the current report. As seen in Figure 1 , there were surface indentations bilaterally in the lateral inferior frontal and anterolateral orbitofrontal region, inferior postcentral gyrus, occipital and parietal cortex, and the cerebellum. Furthermore, there were surface protrusions in the dorsal frontal cortex and medial orbitofrontal cortex bilaterally, and the lateral surface of the left temporal lobe (Figure 1 ). Since, in our previous report, we used Gaussian Random Field (GRF) corrections, we also present differences in cerebral surface morphology at Time 3 based on GRF corrections, in order to provide the reader with the opportunity to directly compare these results to Times 1 and 2. GRF-corrected results for Time 3 are presented in Figure S1 .
Results
Alterations in trajectories of morphology of the cerebral surface in 22q11ds
An Age x Diagnosis interaction revealed significant differences in the cerebral surface morphology trajectories for several brain regions ( Figure 2 and Table S3 ). In the frontal regions (e.g. left superior frontal gyrus and left middle orbitofrontal gyrus, Points A and E, respectively, in Figure 2 ), individuals with 22q11DS had more prominent surface protrusions as compared to unaffected siblings at all time points, and this difference in surface protrusions became more pronounced with increasing age, especially in late adolescence and young adulthood. The left occipital-parietal region (Points B and C in Figure 2 ) showed surface indentations in 22q11DS individuals from childhood to early adulthood versus surface expansions in unaffected siblings. The right parietal region (inferior parietal lobule, Point D in Figure 2 ) showed the opposite pattern: surface expansions in 22q11DS versus surface indentationsin siblings, with divergence of surface morphology in young adulthood. Results did not change when we controlled for comorbid psychiatric diagnoses or medication usage (Appendix S3, Figure S2 ).
Association with severe psychiatric symptoms
Several regions showed a significant Age X SOPS-PS interaction in 22q11DS (Figure 3 ). Youth with 22q11DS and high SOPS-PS scores showed greater age-related decline in surface distances in bilateral middle frontal and left orbitofrontal (point B , Figure 3) cortices, right parietal and middle occipital (point A, Figure 3 ) cortices, and right cerebellum. In the left inferior parietal, temporal and occipital cortices, and the cerebellum, the opposite pattern emerged: increasing surface protrusions over time were observed in individuals with high SOPS-PS scores relative to those with low SOPS-PS scores (Figure 3 , points C-E).
Discussion
We found cerebral surface morphology alterations in individuals with 22q11DS compared to their unaffected siblings across the entire cerebral surface during late adolescence/early adulthood (at Time 3). The cerebral surface morphology trajectories in 22q11DS deviated from those of the sibling controls by showing greater age-related decline in surface distances in the left occipito-parietal and cerebellar regions, as well as an increase in the surface distances in the bilateral frontal (orbitofrontal and superior frontal gyrus) especially during late adolescence and young adulthood. Among the individuals with 22q11DS, greater surface indentations in the right orbitofrontal cortex and occipito-parietal regions (including the inferior parietal lobule, and middle occipital gyrus), and surface protrusions in the left parietal-temporal-occipital regions during late adolescence/early adulthood were associated with more positive prodromal symptoms. The widespread, Time 3 pattern of cerebral surface morphology changes in 22q11DS (relative to siblings) was similar to the pattern that we had observed during Times 1 and 2 (Kates, Bansal, et al., 2011) . As noted above, changes in cortical surface morphology has been interpreted as representing greater or smaller changes in local regional volumes of brain tissue or enlargements/reductions in specific regions (Colibazzi et al., 2013; Marsh et al., 2013; Spann et al., 2015) . The bilateral surface indentations in 22q11DS across the occipito-parietal regions (i.e., inferior postcentral gyrus, occipital, and parietal cortex), and the cerebellum are consistent with previous findings of volumetric alterations in 22q11DS, suggesting a rostro-caudal gradient (Gothelf et al., 2008) . Surface indentations in posterior regions could underlie the visuospatial deficits in 22q11DS, whereas indentations in the inferior frontal lobe could be related to greater impairments in social cognition and behavioral dysregulation seen in individuals with 22q11DS.
Alterations in cerebral surface morphology trajectories in 22q11DS
While employing a somewhat different method of studying cerebral surface morphology, previous research has described in detail the neurodevelopmental trajectories in typically developing youth (Gogtay et al., 2004; Shaw et al., 2008; Tamnes et al., 2010; Zielinski et al., 2014) . Cortical thickness appears to follow a U-shaped curve: with some regional exceptions (Shaw et al., 2008) , overall thickness increases during early childhood, peaks by late childhood/early adolescence for most brain regions, then undergoes thinning during adolescence, and stabilizes in adulthood (Gogtay et al., 2004; Nie, Li, & Shen, 2013; Shaw et al., 2008; Tamnes et al., 2010; Zielinski et al., 2014) across almost the entire cortical surface. Changes in cortical thickness during typical development are thought to be related to programmed synaptic elimination (Huttenlocher & Dabholkar, 1997) , and/or proliferation of myelin underlying the cortex during late childhood and adolescence (Shaw et al., 2008; Yakovlev & Lecours, 1967) . Our findings of surface indentations during adolescence in unaffected siblings are thus in line with previous studies of typically developing adolescents cited above.
Our finding of cerebral surface protrusions in frontal brain regions in probands relative to siblings is consistent with several studies of 22q11DS. Disproportionately large frontal lobe volumes and cortical thickness relative to more posterior regions in individuals with 22q11DS have been reported previously (Jalbrzikowski et al., 2013; Kates et al., 2001) in cross-sectional studies. In addition, a separate longitudinal study of cortical thickness in 22q11DS, which used measures generated by the image processing program, FreeSurfer, described increased cortical thickness in the frontal cortex in children, and accelerated thinning during adolescence (Schaer et al., 2009 ). This result is in contrast with our current result of sustained/increasing frontal cerebral surface protrusions over time, most likely due to differences in image processing methods. Consistent with our study, individuals at high genetic risk for schizophrenia (with at least one parent with schizophrenia) have also demonstrated increased or preserved cortical thickness in frontal cortex, relative to controls during adolescence (Prasad et al., 2010) . This preserved cortical thickness, however, was accompanied by a decrease in cortical surface area (Prasad et al., 2010) . Interestingly, a similar pattern (increased of cortical thickness along with decreased surface area) was recently described in the middle and superior frontal cortices of youth with 22q11DS (Jalbrzikowski et al., 2013) .
Occipital and parietal regions in individuals with 22q11DS have been consistently reported to have reduced volumes as compared to typically developing controls. Similarly, we found left occipito-parietal surface indentations over time in probands relative to siblings (Figure 2 ). Furthermore, this region seems to be a part of the dorsal visual stream. Individuals with 22q11DS have marked impairments in visuospatial cognitive abilities and mathematical skills (De Smedt, Swillen, Verschaffel, & Ghesquiere, 2009) , which have been linked to structural alterations in the parietal lobes (Simon et al., 2008) . Interestingly, similar cognitive impairments, and associated neuroanatomic alterations, have been noted in Williams syndrome, another contiguous gene deletion syndrome associated with intellectual disability (Fung, Quintin, Haas, & Reiss, 2012; Zarchi et al., 2013) . The altered neurodevelopmental trajectory in the dorsal stream could underlie worsening visuospatial deficits in 22q11DS over time, which could be explored in future studies.
Association with symptoms of psychosis
Our finding of the association between increased symptoms of psychosis and more pronounced surface indentations in the middle orbitofrontal gyrus during young adulthood is consistent with our previous work as well as previous studies of individuals at high risk for schizophrenia and first-onset schizophrenia. Diffuse cortical thinning has been described in schizophrenia, with most prominent thinning in frontal and temporal regions Rimol et al., 2010 Rimol et al., , 2012 Schultz et al., 2010) , which also correlates with cognitive functioning (including verbal IQ, verbal learning, and executive function) . Cortical thinning in frontal and temporal regions has been described in first-episode schizophrenia (Schultz et al., 2010) . Gray matter alterations have been reported in adolescents at high risk for developing psychosis (Pantelis et al., 2003; Takahashi et al., 2009 ), suggesting that alterations in cortical thickness accompany and even precede the onset of schizophrenia. Notably, individuals with first-episode schizophrenia have the strongest reductions of cortical thickness in orbitofrontal regions (7.1% as compared to controls) (Schultz et al., 2010) . Interestingly, in a cross-sectional study using FreeSurfer, right medial orbitofrontal cortical thickness was associated positively with positive symptoms (of psychosis) in individuals with 22q11DS (Jalbrzikowski et al., 2013) .
Accelerated surface indentations in right occipitoparietal regions (including the inferior parietal lobule, and middle occipital gyrus) from early to late adolescence were also found in individuals with severe psychiatric symptoms. These results complement our previous findings related to cortical gyrification in our 22q11DS sample (Kunwar et al., 2012) . Longitudinal decreases in the gyrification index of the occipital lobes (from Time 1 to Time 2) correlated with more pronounced prodromal symptoms at Time 2 (Kunwar et al., 2012) .
Increased surface protrusions in the left inferior parietal-temporal-occipital regions, and cerebellum, of individuals with 22q11DS and symptoms of psychosis (Figure 3 , points C-E) are somewhat puzzling. In both this and our prior report, we consistently observed a trajectory of increasing surface protrusion in the left superior parietal lobule in individuals with higher SOPS-PS scores. However, in contrast to the present results, we had observed decreases in the left cortical posterior and cerebellar morphology in our prior report Kates, Bansal, et al., 2011) . This is consistent with previous studies of schizophrenia that have reported cerebellar gray matter deficits in first-episode schizophrenia (Henze et al., 2011; Rasser et al., 2010) . Accordingly, we would have expected to see surface indentations in 22q11DS individuals and greater severity of symptoms. Potentially, our results might be confounded by subtle motion artifacts that are not visible to the human operator (although we did not observe overt imaging artifacts that necessitated the exclusion of any participants from the study). Interestingly, however, Guo, Palaniyappan, Liddle, and Feng (2016) have reported recently that individuals with nonsyndromic schizophrenia displayed similar increases in posterior cortical thickness, which they attributed to a potential compensatory process. It is possible that the use of antipsychotic medications may have contributed to these findings.
Animal studies have reported longitudinal volumetric reductions in both rodents (Vernon et al., 2014) , and primates chronically treated with antipsychotic medications (Dorph-Petersen et al., 2005) . Previous human studies of the potential effects of antipsychotic medications on gray matter have reported an association between the use of antipsychotic medications and longitudinal volumetric reductions (Ho, Andreasen, Ziebell, Pierson, & Magnotta, 2011) , although the effects on brain volumes may vary across brain regions, different antipsychotic medications (Ebdrup, Norbak, Borgwardt, & Glenthoj, 2013) , and clinical response (Molina, Mart ın, Ballesteros, de Herrera, & Hern andez-Tamames, 2011) . Accordingly, it is possible that some of the longitudinal, posterior surface protrusions that we observed in the group of individuals with 22q11DS who reported either prodromal or overt psychosis may be related to the usage of antipsychotic medication. Longitudinal studies of medication effects on brain development in 22q11DS, with larger samples, in those with and without symptoms of psychosis, are warranted.
Overall, our observations of the association of morphological alterations and symptoms of psychosis are limited to some extent by the relatively small number of individuals who displayed either ultra high risk (UHR) symptoms or overt psychosis relative to the rest of the sample (see Table S2 ). Since several participants were below 25 years of age at their most recent assessment, and therefore still within the window of highest risk for conversion to psychosis, it is possible that additional members of the cohort will convert to psychosis. It is also tempting to speculate that participation in this longitudinal study itself may have influenced rate of conversion: within the context of their participation in the study, participants have been receiving structured psychiatric evaluations since late childhood or early adolescence, and families have been receiving written reports with recommendations for whether treatment may be indicated. Accordingly, many of the participants at risk have been receiving psychiatric treatment throughout their adolescence, which may have mitigated conversion to psychosis.
It is interesting to consider the potential mechanisms underlying alterations in the cerebral surface morphology in individuals with 22q11DS. A recent review of the neurodevelopmental trajectories in animal models of 22q11DS suggests three phases in the neurodevelopmental disruptions, all of which likely related to diminished gene dosage of 22q11.2 genes (Meechan, Maynard, Tucker, & LaMantia, 2011) . Two of these phases occur during embryogenesis and involve altered tissue induction and morphogenesis as well as alterations of neurogenesis and migration in the cerebral cortex. The third phase comprises abnormal mitochondrial function and synaptogenesis (Meechan et al., 2011) . Our finding of relatively stable, cross-sectional cerebral surface morphology differences between youth with 22q11DS and age-matched controls from late childhood to early adulthood suggest that an overall pattern of alterations in 22q11DS may have already formed prior to our Time 1 study period (i.e., before late childhood). It is conceivable that at least some of the neuroanatomical alterations may have been present even at birth, and may be related to alterations in morphogenesis, neurogenesis, and cell migration secondary to diminished dosage of 22q11.2 genes.
The mechanism underlying the relative enlargement of frontal regions in 22q11DS could be related to haploinsufficiency of (some of) the genes at the 22q11.2 locus. The catechol-O-methyltransferase (COMT) gene codes for an enzyme that degrades catecholamines and therefore plays a critical role in regulating dopaminergic levels in the PFC (Tunbridge, Harrison, & Weinberger, 2006) . Haploinsufficiency of COMT may result in a 'hyperdopaminergic state' (Boot et al., 2008) . It is possible that during adolescence, persistently high levels of dopamine in individuals with 22q11DS could continue to sustain dopaminergic cortical synapses, resulting in disruptions in programmed synaptic pruning, and subsequently stable and/or even increasing gray matter volumes specifically in the prefrontal cortex.
Conclusions
In summary, we described altered cerebral surface morphology trajectories in individuals with 22q11DS compared to their unaffected siblings, characterized by sustained, abnormal surface protrusions in frontal regions, and altered surface indentations in posterior regions. More prominent surface alterations over time in the orbitofrontal and occipito-parietal regions were associated with more pronounced symptoms of psychosis in individuals with 22q11DS. Thus, our current study contributes to the better understanding of cerebral maturation in youth with 22q11DS and the clinical phenotype associated with cortical surface morphology in 22q11DS.
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Additional Supporting Information may be found in the online version of this article: Figure S1 . Group differences in Cerebral Surface Distances between 22q11DS and Unaffected Siblings at Time 3 using Gaussian Random Field (GRF) correction, which was utilized in our previous report . Figure S2 . Differences in the longitudinal trajectories across individuals with 22q11DS and Unaffected Siblings: Brain regions showing significant Age-by-Diagnosis interaction, while controlling for sex and (1) ADHD (second row); (2) anxiety disorder (third row); lifetime medication use (forth row) or excluding siblings with lifetime medication use (fifth row). Appendix S1. Demographic/recruitment information. Appendix S2. Information on image acquisition and preprocessing. Appendix S3. Results of controlling for medication usage, comorbid ADHD and anxiety, and siblings with psychotropic medication usage. Appendix S4. Brain Regions Corresponding to Numbers Displayed in Figures 1, 2, and 3 . Table S1 . Participant characteristics. (22q11DS) is a genetic disorder that greatly increases risk of developing schizophrenia. Examining longitudinal trajectories of neuroanatomic development could inform the early identification of patients at highest risk for severe psychiatric distress.
• Cerebral surface morphology was examined at three timepoints in youth with 22q11DS and unaffected siblings.
• Longitudinal alterations were observed in prefrontal cortex and parieto-occipital regions. Positive symptoms of psychosis were associated with a trajectory of surface decreases in the orbitofrontal and inferior parietal lobule.
• These results advance our understanding of cerebral maturation and association with psychiatric phenotype in individuals with 22q11DS.
